Abstract. The radioactivity of some structural building materials, rows, binders, and fi nal construction products, originating from Serbia or imported from other countries, was investigated in the current study by using the standard HPGe gamma spectrometry. The absorbed dose in the air was computed by the method of buildup factors for models of the room with the walls of concrete, gas-concrete, brick and stone. Using the conversion coeffi cients obtained by interpolation of the International Commission on Radiobiological Protection (ICRP) equivalent doses for isotropic irradiation, the corresponding average indoor effective dose from the radiation of building materials of 0.24 mSvy −1 was determined. The outdoor dose of 0.047 mSvy −1 was estimated on the basis of values of the specifi c absorbed dose rates calculated for the radiation of the series of 238 U, 232 Th and 40 K from the ground and covering materials. The literature values of the effective dose conversion coeffi cients for ground geometry were applied as well as the published data for content of the radionuclides in the soil.
Introduction
The use of materials with elevated radioactivity in building construction can increase the indoor exposure to ionizing radiation. The content of natural radionuclides in common structural NORM (naturally occurring radioactive material) building materials -rows and products: lime, gypsum, sand, gravel, stone, concrete, brick, refl ects the geological origin of their mineral components. In accordance with the mechanisms of formation and conditions for migration of rock substances, the quantities of 238 U, 232 Th and 40 K vary within the same species of a material [1] .
In general, due to the abundance of accessory minerals, the highest concentration of radionuclides is found in igneous granites, while the amount of these elements in other stones depends on the type of protolite and weathering and are mainly determined by the content in lithophile minerals. The lowest radioactivity is exhibited in gypsum and lime, formed by chemical sedimentation, in which the presence of radionuclides occurs from non-carbonate constituents [2] . Clastic sediments, sand and gravel, with domination of quartz, do not contain great amounts of the radioactive elements -they are affected by the transport of different rock
The dose of gamma radiation from building materials and soil materials from distant locations. In sedimentary clay deposits, raw materials for producing ceramic, high adsorption capability of the layers of clay minerals can contribute signifi cantly to the uranium and thorium concentration [3] .
The content of 232 U, 226 Ra, 232 Th and 40 K, was previously measured in typical rocks, soil and common building materials in Serbia [4] [5] [6] [7] [8] [9] [10] . The results are around the averages of the worldwide ranges [1, [11] [12] [13] .
Since new and imported products are in use, in order to consider the fulfi lment of the effective dose criterion (1 mSv) [14] [15] [16] , the exploration of the radioactivity of building materials continues to be carried out in this study. Also, for the purpose of radiological protection, the aim of this research is an estimation of the average indoor and outdoor gamma dose for the population in Serbia.
The effective dose, E (in Sv), corresponding to gamma radiation of a building material is usually determined from the absorbed dose in the air D (in Gy): Th and 40 K in a standard room [17] , where the parameters q are the activity concentration -absorbed dose conversion factors. Also, the UNSCEAR [12] conversion coeffi cient D E, calculated for the plate of ground and rounded to the unique value of 0.7 Sv/Gy for all three radionuclides, is typically applied.
As the density and thickness of the materials used for room construction belong to a wide range (and can differ signifi cantly from the standard room values) in this study, for the purpose of the calculation of the conversion factors q, we took into account the effect of these parameters' variability as discussed in [18, 19] . Furthermore, the effective dose was evaluated by applying the conversion coeffi cients for room geometry obtained by interpolation of their published values for isotropic (ISO) irradiation.
Different values of the absorbed dose conversion factors for terrestrial 238 U,
232
Th and 40 K radiation have been published [20] [21] [22] depending on the calculation parameters and computation method. So, the conversion factors in this study were evaluated for variable parameters of the plate model of the ground (obtaining the functional dependences on the thickness and surface), considering also the covering effect of concrete layer. The mean outdoor dose is then assessed from measured values of soil radioactivity [23, 24] , averaged for the country.
Method

Calculation
The conversion factors, q U , q Th and q K in both cases, the room and ground radiation, were calculated in kerma approximation, for National Bureau of Standards (NBS) [25] air composition, by the method of buildup factors with geometric progression (GP) parametric form [26] . The integration over the volumetric radiation source was performed using the program Mathematica [19] , which was applied for all interpolations in this study. Specifi c absorbed dose rates of 238 U, 232 Th and 40 K were determined for the detection point placed at the centre of the room with standard dimensions: 4 × 5 × 2.8 m 3 , without doors and windows [17] and with variable thickness of the walls: from 10 to 25 cm. The use of the materials with variable density was assumed, in the range from 0.6 to 2.6 gcm -3 ( 1.6 gcm -3 for the soil), disregarding the differences in their chemical composition -the buildup factors [27] and density weighted attenuation coeffi cients for NBS concrete were applied. The effect of covering material with the layer of another material was considered using the buildup factor for the combination of the layers [28] .
The indoor effective dose was calculated by weighting of the coeffi cients for the equivalent dose H/K a (H -equivalent dose, K a -air kerma), as in the study [29] , but in accordance with the ICRP [30] recommendations for tissues and organs weighting factors. These coeffi cients, for radiation of the radionuclide series of 238 U, 232 Th and 40 K, were determined by Lagrange interpolation of ISO values in [31] [32] [33] , given for particular discrete energies.
Measurement
The types of explored building materials, available at the market, originated either from Serbia or from imports are listed in Table 5 , in the frame of the measurement results. The investigations were carried out using the standard gamma spectroscopy system with Canberra HPGe detector calibrated in the energy range 40-3000 keV with relative effi ciency 26% and full width at the half of maximum FWHM = 1. 
Results
Conversion factors
Building materials
The specifi c absorbed dose rates in the room 5 × 4 × 2. K gamma radiation from certain building materials, assuming their application only in the walls construction, are given in Table 1 . The contribution of the fl oor and ceiling of the concrete structure with the same thickness, d = 20 cm, is also presented.
In order to fit the results of the calculation where the combinations of the parameters  and d have been applied, we obtained (in Mathematica) the formula (1): (1) for dose conversion factors corresponding to radiation only from the walls with arbitrary density and
thickness. The fi tting formula for the radiation of fl oor and ceiling was published in Ref. [34] . The parameters a 0 -a 3 of expression (1) are shown in Table 2 . For each q (q U , q Th or q K ), the coeffi cient of determination of the fi t is: R 2  0.9999. The values of the conversion coeffi cients: absorbed dose (air kerma)  effective dose, E/K a (in SvGy -1 ), calculated for 238 U, 232 Th and 40 K, in the geometry of a standard room, are given in Table 3 . The results were obtained assuming the equilibrium in the series, using the values of q U , q Th and q K in the standard room: 0.757, 0.910 and 0.0700 nGyh -1 / Bqkg -1 , respectively [10] .
Ground
The absorbed dose conversion factors were calculated for variable thicknesses, d (5-150 cm), and surfaces, S (5 × 5 -100 × 100 m 2 ), of the ground modeled as the quadratic plate, with density of 1.6 gcm -3 [20] , at the point h = 100 cm above its centre. The results, shown in Fig. 1 for q U (with the same form of the curves for q Th and q K ) were indicative for the estimate of the degree of dependence saturation for published parameters d = 100 cm, and S = 80 × 80 m 2 [21] . Since 99% of asymptotic q was attained, the values of the conversion factors for these parameters, presented in Table 4 (where q U , q Th and q K in the case of the application of covering materials are also given), were used in further calculation of the doses.
For a more detailed insight, Fig. 2 shows the conversion factors per emitted photon, q(E)/Y(E), resolved into the spectrum according to the [35] energy grouping and compared for the radiation of the ground and in the standard room. The lower values of the ground than the room conversion factors are signifi cantly caused by the distribution and attenuation of photon fl uence in different geometry rather than being the consequence of the density differences. The fi tting formulae, derived in Mathematica: Table 5 . The results are in accordance with the geological characteristics of the samples: the lowest content of the radionuclides, comparable with the minimum detectable activities, are measured in sediments lime and gypsum, while the highest activity concentrations are exhibited by some granites (African red, new imperial red). for indoor occupational factor f = 0.8 and coefficients E/K a rounded to the unique value of 0.740 SvGy -1 for all radionuclides. In this relation, the absorbed dose, D, was calculated using the conversion factors q U , q Th and q K in Table 1 , that is, distinguishing the structural materials: brick, concrete, gas-concrete, gypsum and stone only based on density and assuming their application was only in the walls of a standard room. For all raw materials and binders: sand, gravel, quartz sand, clinker and cement, we assumed a 100% application in the walls, fl oor and ceiling of the standard room (concrete), while lime is treated as the component of gypsum walls, with full utilization percentage of 50%.
The use of all these materials would lead to additional doses that are below the reference level of 1 mSvy -1 , and would meet the dose criterion. Still, for the quantifi cation of the natural radiation background in the room and estimation of the exceeding of that level, the dose was calculated on the assumption that the content of the radionuclides in the walls is equal to their activity concentration in the local terrestrial environment, fi guratively, if 'walls were made of the soil'. Using the averaged results of measurements of the ground in Serbia [23, 24] and conversion factors for the standard room, the effective dose from the background: E = 0.46 mSvy −1 , was obtained, close to the world average level of indoor gamma irradiation [12] . Obviously, in accordance with the low radionuclide content, all of the investigated building materials additionally fulfi l the stricter condition for indoor utilization of E < 0.3 mSvy -1 [14] .
The combination of building materials; average dose in the room
Based on the activity concentrations of the radionuclides in building materials, using the appropriate conversion factors, that is, data from Table 2 and formula (1), the indoor dose was estimated for several common models of the room. The results for the rooms whose walls were made from concrete, brick or gas-concrete with fl oor and ceiling of concrete shown in Table 6 , were obtained taking into account the presence of the voids in 30% volume of the blocks and assuming the mass fractions of 35 : 50 : 15% of sand, gravel and cement, respectively, in concrete. The application of the 2-cm thick stone as a covering material of the fl oor and half surface of the walls was also considered. In calculation of the average doses, the typical room dimensions (thickness of the walls are 15 and 20 cm) were assumed and the usage weighting factors of 40, 50 and 10% for the models of concrete, brick and gas-concrete, respectively, were taken into account. Further, the occupational factor f for such a 'room' was additionally weighted in percentage ratio of 25 : 75 with regard to the application or no of coverring of 50% surfaces of all walls (by stone). Thus, the average absorbed dose of approximately 46 nGyh -1 and effective dose of 0.24 mSvy -1 were estimated for the population in consideration, the values which are in the range of lower indoor gamma doses evaluated for EU countries [37] .
The outdoor dose
For the assessment of the outdoor dose from terrestrial radionuclides, the averaged results (Table 7) of previous measurements [23, 24] of the radionuclide content in the ground in Serbia were used and conversion factors from Table 2 were applied. The absorbed dose of D = 51 nGyh -1 was calculated, similar to the world population weighted average value of outdoor gamma irradiation [12] , whereas taking the conversion coeffi cient (E/K a ) of 0.7 SvGy -1 and f = 0.2 in formula (3), corresponding annual effective dose of E = 0.063 mSvy -1 was evaluated [12] . The contribution to the exposure due to radiation of building materials for outdoor usage was estimated based on the content of radionuclides measured in asphalt, concrete and stone, and the conversion factors calculated in this study for 6 cm of the layer covering the soil ( Table 2 ). The obtained results presented in Table 7 are far below the reference level.
In assessment of the average outdoor dose from the ground (Table 8) , it was assumed that nearly 70% of the surfaces are covered in the percentage relationship of 60:30:10 for the application of asphalt, concrete or stone, respectively. The absorbed dose of 39 nGyh −1 was calculated, corresponding to the effective dose of 0.047 mSvy −1 , the value which is the lower range of the average dose worldwide distribution [12] . However, the quotient between the indoor and outdoor absorbed dose, 1.2, are close to the world average value of 1.4.
Summary and conclusions
The activity concentrations of 238 [14] ). The dose from all the materials are below the reference level of 1 mSv, so, consequently, the excess of this quantity with respect to the natural radiation background meets the dose criterion.
According to the applications of the materials, the population weighted average absorbed dose indoor, 46 nGyh -1 , is below the most of corresponding values for the EU countries reported in [37] , and is also lower than the world averaged indoor dose of 84 nGyh -1 . The outdoor dose (39 nGyh -1 ) arising from radionuclides in the ground is below the global population average of 59 nGyh −1 , but the quotient between the indoor and outdoor dose in Serbia (1.2) is near the worldwide average value of 1.4 [12] .
To check the possibility of the application of building materials, the gamma index (index of activity concentration) is a widely used approach. The gamma index I is defi ned as: (4) This is a simple criterion of the applicability of a building material, whose derivation is based on the dose criterion and the activity concentrations in different materials [38] , could be adopted in accordance with the type and utilization fraction of the material. Namely, if a material was applied in a small part of a whole construction, it follows that the maximal radionuclide concentrations that comply with the dose criterion of 1 mSvy -1 are several times higher than the values in the equation for the gamma index. Nevertheless, due to such a limited application of the material, the gamma index should be weighted by actual volume fraction of the used material.
However, a mass fraction of a building material (with respect to the standard room), determined by its density, could change the expression for I through for the materials with lower density, the permissible activity concentrations are proportionally higher. So, in accordance with the density of the building materials, values of I could be roughly divided into at least two ranges of values: for densities of up to 2 gcm -3 (gas-concrete, brick) I = 2, and for these greater than 2 gcm -3 (concrete, stone) I = 1, with unchanged expression for I of given EC [14] form.
